ABSTRACT: The 2015 Gorkha Earthquake in Nepal and the 2008 Wenchuan Earthquake in China occurred at the south and southeast margins of the Tibetan Plateau, respectively. Both earthquakes had similar magnitudes of Mw 7.8 and 7.9, caused catastrophic loss of life and damage to property, and generated tens of thousands of landslides. Comparisons of pre-and post-quake satellite images supported by field investigations show that the Gorkha Earthquake triggered at least 2 064 large landslides (defined as covering an area ≥10 000 m 2 ) over a ~35 600 km 2 region with a volume of (444-584)×10 6 (average 509×10 6 ) m 3 and total area of 44.78×10 6 m 2 . In contrast, the Wenchuan Earthquake triggered 25 580 large landslides over a region of ~44 000 km 2 with a volume of (7 128-9 479)×10 6 (average 8 219×10 6 ) m 3 and a total area of about 670.65×10 6 m 2 . Several controlling factors including topographic relief, slope steepness, and regional peak ground acceleration (PGA) were investigated to try to explain the great differences between the number, volume and area of the coseismic landslides associated with the two similar earthquakes. We found that the differences primarily arose from an unexpected factor, the dip angle of the seismogenic fault. This discovery should aid understanding the failure mechanisms of quake-triggered landslides, and suggests that more factors should be taken into consideration in estimating coseismic landslide volumes from earthquake magnitudes.
INTRODUCTION
The April 25, 2015 Gorkha, Nepal Mw 7.8 and May 12, 2008 Wenchuan, China Mw 7.9 earthquakes have received much attention because both were humanitarian disasters that generated large numbers of coseismic landslides and serious damage (Yin and Liu, 2016) . The ~200 000 landslides triggered by the Wenchuan Earthquake significantly changed the landscape of the proximal area; their inventory (Xu et al., 2014a ) is the largest ever recorded for landslides caused by an individual earthquake. Relevant papers on the Wenchuan-event landslides describe their database and spatial distribution patterns (Xu et al., 2014a; Gorum et al., 2011) , discuss the characteristics and mechanisms of large individual landslides (Yin et al., 2015 (Yin et al., , 2009 , provide assessments of landslide susceptibility and hazards , and describe the evolution of the geomorphic evolution of the affected area (Xu et al., 2014b; Parker et al., 2011) .
Although the Gorkha Earthquake occurred more recently, several studies (Kargel et al., 2016; British Geological Survey and Durham University, 2015; Chiaro et al., 2015; Collins and Jibson, 2015; Hashash et al., 2015; Moss et al., 2015) have described its coseismic landslides using field reconnaissance and satellite images, provided descriptions and analyses of several large individual landslides, and analyzed their controlling factors. Two recently released inventories of coseismic landslides (Kargel et al., 2016; British Geological Survey and Durham University, 2015) record comparable numbers of landslides triggered by the Gorkha Earthquake but neither is a polygon-based inventory, so omissions of coseismic landslides are possible. One of the most interesting results recorded about the Gorkha Earthquake is the unanticipated low number and small scales of coseismic landslides. Kargel et al. (2016) attributed this to a lack of surface ruptures, the 10 to 15 km depth of concentrated deformation, and the regional lithology but these factors do not seem adequate to explain the actual situation. Therefore we undertook a comparative analysis of landslides associated with the Wenchuan and Gorkha earthquakes to search for other relevant factors.
Two Comparable Earthquakes Produced Greatly Different Coseismic Landslides 1009
We compiled a polygon-based inventory of large landslides triggered by the Gorkha event, and compared the result to the Wenchuan inventory. We have analyzed and compared correlations between the large coseismic landslides (area ≥10 000 m 2 ) for the two earthquakes with several other relevant factors, such as topographic relief, slope steepness, and PGA. The results show that the Gorkha earthquake-triggered landslides were much fewer in the number, collectively covered a much smaller area, and had a much smaller total volume than those associated with the Wenchuan earthquake-triggered landslides. Our comparisons show that slope angle and PGA were not the primary reasons for the abnormally low occurrence of the Gorkha earthquake-triggered landslides. Instead, we suggest that the disparate dip angles of the seismogenic faults and the resultant differences in the internal rock deformation were the primary reason for the difference. Understanding this factor should improve understanding of coseismic landslide generation mechanisms and help mitigate their associated hazards.
DATA AND METHODS

Geologic Settings
The 2015 earthquakes of Gorkha, Nepal and 2008 earthquake of Wenchuan, China occurred respectively at the southern and southeastern boundaries of the Tibetan Plateau (Fig. 1a) . The collision between the Indian and Asian continents has created the Himalaya thrust belt (Najman et al., 2010) . The present architecture of the belt is dominated by three approximately parallel master thrusts with low dip angles (~10°): the main frontal thrust (MFT), the main boundary thrust (MBT), and the main central thrust (MCT) (Fig. 1b) , listed from south to north in order of increasing age of thrust initiation. The three thrusts divide this region into four tectonic zones: the autochthonous Indian Plate, the Sub-Himalayan zone (SHZ), the Lesser Himalayan sequence (LHS), and the Greater Himalayan sequence (GHS) (Mukherjee, 2015; Bhakuni et al., 2013; Searle et al., 2008; Upreti, 1999; Wesnousky et al., 1999; Le Fort, 1975) . All the thrusts are believed to converge at depth into the Main Himalayan thrust (MHT). Results from various methods including field reconnaissance along the main faults and interferometric synthetic aperture radar (InSAR) imaging of the earthquake-affected area, confirm that the Gorkha Earthquake (28.23°N, 84.731°E) did not produce surface ruptures along faults (Angster et al., 2015; Galetzka et al., 2015; Kobayashi et al., 2015; Lindsey et al., 2015; Parameswaran et al., 2015) . The Wenchuan Earthquake occurred in the Longmenshan belt that has resulted from extrusion of crustal material from the high Tibetan Plateau in the west against strong crustal material of the Sichuan Basin in the east. The Longmenshan belt is dominated by three main high-dip angle (~40°) fault systems, from northwest to southeast; the Maowen fault (MWF), the Yingxiu-Beichuan fault (YBF), and the Guanxian-Jiangyou fault (GJF) (Fig. 1c) . The Wenchuan Earthquake generated two coseismic surface ruptures along the YBF and GJF with lengths of 240 and 72 km, respectively (Xu et al., 2009 ).
Preparing Coseismic Landslide Inventories
Visual interpretation of satellite images or aerial photographs is the most useful popular method for compiling a coseismic landslide inventory, especially for large earthquakes in mountainous areas (Xu, 2015) . Landslides triggered by such earthquakes often occur in remote areas blocking roads and impeding the timely arrival of ground rescue crews. In addition, the large numbers and wide distribution of landslides triggered by large earthquakes make detailed, comprehensive field investigations impossible. Even so, field renaissance is a very useful auxiliary for visual interpretation of remote sensing images and improving the quality of inventories of landslides. Notable point-or polygon-based inventories of earthquake-triggered landslides include those for the January 17, 1994 Northridge Earthquake, USA (Harp and Jibson, 1995) , September 21, 1999 Chi-Chi, Taiwan China Earthquake (Wang et al., 2003) , May 12, 2008 Wenchuan Earthquake, China (Xu et al., 2014a; Gorum et al., 2011) , and the April 20, 2013 Lushan, China Earthquakes Zhang et al., 2015) . A landslide is represented by a point in point-based inventories and is delineated as a polygon in polygon-based inventories. Point-based inventories can only describe locations of landslides, whereas polygon-based inventories can depict scales of landslides including landslide area and derived volume. High-resolution images are needed to produce high-quality inventory maps, and are essential for the recognition of small landslides. The accuracy of landslide boundary delineation and the ability to distinguish individual landslides in areas of high landslide density are improved as image quality improves. The pre-and post-quake satellite images used to map the Gorkha landslides were mainly taken from the Google Earth platform and Digital Globe Company, which mostly have resolutions of 0.5 to 2 m. For comparison, the images used to map the landslides triggered by the Wenchuan Earthquake mostly have somewhat lower resolutions of 2.5 to 5 m (Xu et al., 2014a) . In order to avoid inventory map errors arising from the resolution difference for the two areas, we only include landslides with areas exceeding 10 000 m 2 , which are large enough to be clearly seen on either set of images.
RESULTS AND ANALYSIS 2.1 Coseismic Landslides Created by the Two Earthquakes
We have constructed an inventory of large landslides triggered by the Gorkha Earthquake on the basis of visual interpretation of pre-and post-quake satellite images. Several days of field reconnaissance in vehicles and on foot along expedition routes (see Fig. 2a ) increase the credibility of our inventory. Our results show that this earthquake triggered at least 2 064 landslides exceeding an area of 10 000 m 2 . These landslides cover a total area of 44.78×10 6 m 2 . We selected the formula V=1.314 7×A 1.208 5 (±0.013 1) of Xu et al. (2016) to estimate the total volume from a selection of "volume-area" power law relationships for landslides, (e.g., Xu et al., 2016; Parker et al., 2011; Larsen et al., 2010) because this scaling relation was derived from an original data-based nonlinear least square analysis and sampled 1 415 landslides triggered by the Wenchuan Earthquake and is probably the most suitable for landslides triggered by the two earthquakes. The relationship was applied to each slide mass, yielding a total estimated volume of (444-584)×10
6 (average 509×10 6 ) m 3 . In contrast, 25 580 large landslides (≥10 000 m 2 ) were triggered by the 2008 Wenchuan Earthquake, according to the detailed inventory by Xu et al., 2014a . These landslides collectively cover 670.65×10 6 m 2 and have a total volume (7 128-9 479)×10 6 (average 8 219×10 6 ) m 3 . There is a startling contrast between large landslides caused by the Gorkha Earthquake which are only 8.1% in number, 6.7% in area, and 6.2% in volume of those generated by the Wenchuan Earthquake. Nevertheless, the sizes of regions of the regions where there was landsliding in these two earthquakes were similar, about 35 664 and 44 031 km 2 , respectively. The relation between landslide area and accumulated number is usefully depicted on a logarithmic graph. Fig. 3 shows two nearly parallel curves that indicate similar power law relationships for the landslides of the two earthquakes, except for a few enormous landslides. This similarity spanning all scales suggests that our inventories of large landslides are quite complete and objective. Keefer (1994) obtained an empirical power law relationship between earthquake magnitude (M) and total volume (V) of seismic landslides, lg V=1.45M-2.50, by regression. Using this relationship, the volumes of the Mw 7.8 Gorkha and Mw 7.9 Wenchuan earthquakes would be about 646×10 6 m 3 and 902×10 6 m 3 , respectively. For comparison, the total volume of the landslides triggered by the Wenchuan Earthquake would be about 11 774×10 6 m 3 (a value 13.05 times that suggested by Keefer's equations) using the inventory of 196 007 landslides triggered by the Wenchuan Earthquake (Xu et al., 2014a) and the "volume-area" power law relationship V=1.314 7×A
1.208 5 of Xu et al. (2016) . Unfortunately, currently no inventory is available that spans all scales of coseismic landslides triggered by the Gorkha Earthquake. Therefore, we estimated the total volume of Gorkha-event landslides by simple scaling of the Wenchuan-event results, using the respective volumes of large (≥10 000 m 2 ) landslides, supported by the nearly parallel trends in Fig. 3 . This indicated that the volume of all landslides triggered by the Gorkha Earthquake can be estimated as and accumulated number of the Gorkha and Wenchuan earthquakes.
which is about 1.13 times that derived from Keefer's equation (Fig. 4) . In other words, Keefer's formula suggests that the total landslide volumes for the two events should be similar, when they differ by more than a factor of ten! However, neither of these two volumes appears to depart greatly from the trend derived from Keefer's function (Fig. 4) (Xu et al., 2016) , but its actual volume is only about 1.5×10 6 m 3 , given that its average depth is 2 to 3 m (Kargel et al., 2016; Collins and Jibson, 2015) . Another useful comparison can be made with the Tangjiashan Landslide (31.843°N, 104.432°E) triggered by the Wenchuan Earthquake, which covers an area 0.719×10 6 m 2 that is comparable to the Langtang slide. The volume of (13.2-18.8)×10
6 (average 15.7×10 6 ) m 3 estimated using the power law (Xu et al., 2016 than the Wangjiayan and Xinzhong landslides, so several hundred Wenchuan-event landslides must be larger than the Langtang landslide. Therefore, the total volume ratio between landslides triggered by the two earthquakes should be greater than the aforementioned value by about 13.05/1.13=11.55 times, normalized by earthquake magnitude. However, the uncertainty caused by various landslide depths is difficult to quantify because the actual depths and volumes remain unknown. Nevertheless, it is certain that the Gorkha-event landslides are much fewer and smaller than the Wenchuan-event landslides.
Topography and PGA Related to the Two Earthquakes
Coseismic landslides are generally considered to be primarily controlled by topographic, geologic, and seismic factors. To evaluate these factors, we constructed profiles along four 10 km×100 km rectangular areas G-1, G-2, W-1, and W-2, (Fig. 1) to show the topographic relief and slope steepness. The average elevation and slope angle for each 1 km×10 km segment were determined along these four rectangles. The results show that the landslide affected areas for the two earthquakes have similar topographic relief and slope steepness (Fig. 5) . The topographic relief of the two profiles G-1, G-2 in the Gorkha area is mostly a little greater than that of the Wenchuan profiles, but topographic profile W-1 shows a peak relief between distances 50 and 70 km (Fig. 5a ). In addition, the slope steepness of profile W-1 between distances 60 and 80 km is greater than the values in other profiles. It is noted that this high, steep area roughly corresponds to the hanging wall of the southwest section of the seismogenic fault (YBF) of the Wenchuan Earthquake, and the greatest landslide density occurs there.
To test whether topography or PGA can explain the small number of Gorkha-event large landslides, we evaluated the correlations between the numbers of coseismic landslides and these factors. To test the influence of topography, data were divided into bins for each 10° interval of slope steepness and the numbers of landslides and the landslide. Correlations between topographic relief and slope steepness for the two earth- quakes are plotted against distance from the epicenter in Fig. 5 and landslide density for each slope angle bin in Fig. 6a . Areas with slope angles of 40°-50° register the largest number of landslides, and the landslide density increases with increasing slope angle, especially for the Wenchuan event. The primary difference between the curves for the two earthquakes is that the landslide numbers and densities related to the Wenchuan Earthquake are much higher than the values of the Gorkha Earthquake in every class of slope angle. Slope steepness alone cannot explain the low number of Gorkha landslides. Similarly, we compared the correlations between PGA (US Geological Survey, 2015 Survey, , 2008 and landslides for the two earthquakes, dividing the data into 0.04 interval bins for PGA. The results show that PGA had a greater influence on Wenchuan landslides than Gorkha landslides. Landslide numbers and density related to the Wenchuan Earthquake are much higher than those of the Gorkha Earthquake at the same PGA values in every PGA class (Fig. 6b) . We conclude that the low capability of triggering landslides for the Gorkha Earthquake is not primarily due to strong ground shaking.
Both the areas affected by the two earthquakes are characterized by steep terrain with widespread high-angle slopes. The distribution of PGA data related to the earthquakes shows approximate elliptical rings around the meizoseismal areas. Both the two cases show a high inconsistency between slope angle and PGA data and therefore univariate relationships between landslides, slope angle and PGA appear unlikely. In order to validate this inference, we correlated the coseismic landslides with nine combinations of slope angle and PGA (Fig. 6c) . This indicates a similar result to the correlations between landslide densities, slope angle and PGA, i.e., the landslide numbers and density related to the Wenchuan Earthquake are much higher than those of the Gorkha Earthquake in any combinations of slope angle and PGA. Both slope steepness and PGA cannot explain the low number of Gorkha earthquake-triggered landslides.
Behavior of Seismogenic Faults
For earthquakes generated by reverse (or thrust) faults, the distribution of coseismic landslides could depend on whether surface ruptures are generated. Xu (2014) compared three indices of coseismic landslides, including landslide distribution area, landslide coverage area, and landslide number, for eight reverse-fault earthquakes, of which five had surface ruptures. The results suggest that surface-rupture earthquakes trigger fewer but larger landslides in a smaller area than buried-rupture earthquakes of comparable magnitudes. In most cases, buriedrupture earthquakes trigger relatively more landslides than those caused by surface-rupture events, as exemplified by the 1994 Northridge, USA earthquake (Harp and Jibson, 1995; Hauksson et al., 1995 Haiti (Xu et al., 2014c Hayes et al., 2010) , and the 2013 Lushan, China events . The relation between the surface-rupture Wenchuan Earthquake and the buried-rupture Gorkha Earthquake is the opposite. The lack of surface ruptures for the Gorkha event cannot account for its relatively small number of associated landslides.
A significant difference between the Gorkha and Wenchuan earthquakes is that the dip of the seismogenic fault of the Wenchuan Earthquake is much steeper than that of the Gorkha Earthquake. The Gorkha Earthquake occurred at the boundary between the Indian and Eurasian plates, along a shallow fault plane (dip angle ~10°), whereas the Wenchuan Earthquake occurred in the plate interior, along a steep (~40°) seismogenic thrust fault. We consider that this difference of dip angle can explain the difference in the number and scale of landsides of the Wenchuan and Gorkha events. The relative magnitudes of the shear and normal components of maximum stress depend on the dip angle of the fault plane. For a reverse fault with dip angle α and slip displacement L, the maximum principal stress (σ1) is horizontal and perpendicular to the strike of the rupture plane (Fig. 7) . Therefore, the normal stress is proportional to L×tanα, and this component becomes greater as the dip angle α increases. The deformation of the hanging wall block is closely related to this component, and the occurrence of coseismic landslides is therefore triggered by strong ground shaking. In addition, the surface region directly above the rupture plane receives most of the earthquake energy. Because the Wenchuan Earthquake occurred along a high-angle reverse fault, the area of the surface directly overlying the fault surface was relatively small, concentrating the surface energy and resulting in many large, intense landslides. In contrast, the Gorkha Earthquake occurred along a low-angle fault, so the overlying surface area was wide, the surface energy less concentrated, and fewer smaller landslides were triggered. In short, we suggest that that these two effects determine the capability of an earthquake to trigger landslides because the dip angle of the seismogenic fault controls the manner of earthquake energy release, and thus influences the deformation of the hanging wall bedrock. 
CONCLUSIONS
The 2008 Wenchuan and 2015 Gorkha earthquakes have comparable magnitudes, both occurred on the margins of the Tibetan Plateau, and both are characterized by high topography and steep slopes. These similarities might suggest that the number of landslides triggered by these two events would be comparable but however, the Gorkha Earthquake triggered only 2 064 large landslides (≥10 000 m 2 ), with a total area of 44.78×10 6 m 2 and volume of (444-584)×10 6 (average 509×10 6 ) m 3 , whereas the Wenchuan Earthquake generated 25 580 large landslides that cover 670.65×10 6 m 2 and have a total volume of (7 128-9 479)×10 6 (average 8 219×10 6 ) m 3 . There is only one similarity, namely that the regions of landslide generation associated with these two earthquakes have comparable areas. Our research indicates that local topography and PGA cannot explain the large difference of landsliding between the events, and the much different dip angles of their seismogenic faults is the primary reason. We suggest that high dip reverse faults cause more intense deformation of interior blocks and create larger normal stresses perpendicular to rupture surfaces, inducing joints and cracks in brittle rocks conducive to landslide generation. In contrast, fewer smaller landslides will be associated with earthquakes on reverse faults with low dip angles, for equivalent earthquake magnitude, topography, and other conditions. This study should be a valuable supplement to traditional views that coseismic landslides are mainly controlled by topography, lithology, PGA , etc.. We suggest that recognition of the important effect of fault dip angle will contribute to a better understanding of mechanisms giving rise to coseismic landslides, and facilitate more reliable assessments of landslide susceptibility and associated hazards.
